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ABSTRACT

We present results from a simultaneous (_,/m_,ha HETG and XMM-Newton

observation of NGC 3516. We find evidem,_ li)l sc,veral narrow components of

Fe Ka along with a broad line. We consi(h,_ I-h(, possibility that the lines arise

in an blob of material ejected from the nu(:l(,lis with velocity _ 0.25c. We also

consider an origin in a neutral accretion disk. sltfli,ring enhanced illumination at

35 and 175 Rg, perhaps due to magnetic r_-'(:(mnection. The presence of these

narrow features indicates there is no Compt(mizing region along the line-of-sight

to the nucleus. This in turn is compelling SUl)l)ort for the hypothesis that broad

Fe Ko_ components are, in general, produced I,v strong gravity.

Subject headings: g_la.xies: active- galaxies: i,_,lividual (NGC 3516) - galaxies:

nuclei - galaxies: Sevfl'rt

1. Introduction

Active Galactic Nuclei (AGN) are believed t() I)e powered by accretion of material onto

a supermassive black hole. Intrinsically narrow (,missit_n lines from the accretion disk are
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predictedto producedouble-hornedpr_,fii_,sdueto the Doppleretfe_:t(unlessviewedface-on).
Near the innermost stable orbit tD' g;_sv_locity approachesthe speedof light and special
relativistic beaming should enhancetttc, %lue" peak oi1 the approachingside relative t.o
that on the receding("red") side. Gravil:ationaland transverseDoppler effectare expected
to redistribute photons to lower energiesand introduce asymmetricoffsetsof the Doppler
horns from the rest-energy. The sum of contributions over a rangeof annuli would then
give a broad (FWHM AE/E _ 0.3) asymmetric profile (Laor 1991; Fabian et al. 2000).

The X-ray band-pass contains the strongest such line, Ee K(t, emitted via fluorescence or

recombination processes between 6 7 keV, depending on the ionization-state of the gas.

This line is commonly observed in A(_,N (_,.g., Nandra et al. t997) with both narrow (Yaqoob

et al. 2001) and a broad components (e.g.. Tanaka et al. 1995); the former may arise in cool

material close to the optical broad-line-__,gion while the latter is thought to originate close

to the black hole (see Fabian et al. 2000 and references therein). However, there is some

controvery as to the origin of the broad line component, with broadening mechanisms such

as Comptonization (Misra & Sutaria 1999; Misra & Kembhavi 1998) being suggested, along

with other possibilities (e.g., Schurch f,! _1. 2002; Zdziarski et al. 1996).

X-ray detectors prior to ChavAr_¢. h_l (mly moderate energy resolution around 6 keV

(e.g. AE/E _,, 0.02) leaving the _[eIaile,_[ line shape aim origin unclear. The high-energy-

transmission grating spectrometer (HF, T(;S; Markert et al. 1994) of Chandra gives a factor

4 improvement in energy resohttio_ nt 6 keV compared to detectors flown previously,

allowing isolation of contributions to the, profile from weak narrow features. The EPIC CCDs

on board XMM-Newton (hereafter refeIred to as XMM) yield high throughput, allowing tight

constraints on the continuum and broad line. Together these satellites offer an unprecedented

insight into the Fe Ka profile. Here we present results from overlapping Chandra and XMM

observations of NGC 351< revealing nmv features that provide compelling evidence the line

is indeed modified by special and g<,ncl-_l ,dativistic effects.

2. New ('tparp.dr'a, and XMM Results

A Chandra observation of NGC 3516 between 2001 November 11 UT 01:00:25 - Novem-

ber 12 UT 02:19:22 overlapped an XMM observation covering November 09 UT 23:12:51 to

November 11 UT 10:54:19 and a I_XT'E _d_servation November ll UT 10:05:36 - 11:10:56

(Figure 1). Chandra data were telm,__,ss,,,i llsitlg CALBD v2.6 anti CIA0 v2.1, removing bad

pixels, columns, period of high bacl::.,.t_(l and events with d_'_e_:tor 'grades' not equal to

0, 2, 3, 4, or 6 thus yielding an eXl_<,sl_T_' ,,l _-.75 ks. The EPIC data reduction pipeline was

run with SAS v5.2.0. The EPIC dat,_ Lttilized the thin filter with PN Prime Small Window



mode, MOS1 Small Window Free Running too&, a,(t MOS2 Large Window mode. These

data were screened to remove hot and bad pixels ;_l_l i_criods of high background, yielding

an exposure of 80 ks (20 ks overlapped Cll,_,udr_)..\r I:his flux level the photon pileup is

negligible. Instrument par, terns (grades) 0 12 (.\l;i-;) :_nd 0 4 (PN) were selected. EPIC

spectra were extracted ['i;ml a cell _ (}.94' dialm'l¢'l. ¢¢,ntered on the source. Background

spectra were extracted from a nearby region for the , i'N (< 1% of the source count rate) and

ignored for the MOS detectors (the small window tootle in the MOS leaves no nearby regions

for background extractions, but background is n<uligible at this flux level). RUS data will

be presented in a later paI)er. The RXTE observation of 3.5 ks overlapped the XMM and

Chandra data as shown (Figure 1).

3. The X-ray Spectrum

We found NGC 3516 to have a flux F2-mk_v _ 1 _:) - 1.5 × 10 -tlerg cm -2 s -l, the lowest

observed, first exhibited during a Chandra LET(', _bservation (Netzer et al. 2002). The

mean XMM data reveal a complex spectrum, flat in the 2-10 keV regime with evidence for

transmission through ionized gas as previously ol)._,wv(,d in this source (e.g., Netzer et al.

2002; Kraemer et al. 2002; Kriss et al. 1996). rl'h_, X3[M light curves and hardness ratio

suggested a natural division _ 60ks into the o)>_,_xa_i_m. The second segment of XMM

data were fit together with the entire Chandr'o, _t:,,t,_s('_ (huing a time-period denoted T2.

While not ideal (tile Cha'_dr, clara extending [WV¢:LL,t t ll_' ¢'nd of the XMM observation), this

division of the data proves enlightening.

We examined the ratio of Fe Kc_ photons relative to the local continuum. Figure 2a

shows the HETG data alone, tbr clarity. The posil.iw, and negative data from the first order

of the HEG are combined with those of the ME(: (_q_ r.o 6.5 keV). The Fe Kcx emission is

clearly visible with a strong peak at rest-energy (ill [w\'. The associated Fe K¢/line is also

seen at 7.06 keV consistent with the expected stl_,_,tl_ _ 11% of the Kct flux. The Fe Ka

component has wMth F\,\:ItM .--, 40eV and is con,_:l_,_,_ iu ttux over the observation. During

the latter part of the XMM observation (T2) t,h_ 1;1'l(I PN data hint at a double line peak

but the MOS data do not confirm it_ and the HE'I'(; d;_ta are ambiguous. The constancy in

flux, the width and energy indicate the bulk of ttw line at 6.4 keV probably arises in cool

material located at least several light-days fiom the m_cleus rather than the accretion flow,

titus we do not consider this component or the ass_ciat, ed Kfl component further.

Most importantly, additional and unexi)ecte_l lim,s are evident at 5.57 keV and 6.22

keV. The line widths are consistent with zero. wiIt_ i!l,l,,r limits FII'HM _ 500 and 40 eV,

respectively. The line at. 5.5 k_,\: is weak ariel it is _!i!ti,,_lt to sepalrate it from the broad red
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wing, hence the extremely loose colist_z_H_t oil width. This fine structure has never before

been seen in an AGN and the lin('s d(_ l_)t correspond to any emission lines expected of

appreciable strength. These are not _t,atistical fluctuations, they show up in the positive

and negative sides of the dispersed spectra from both parts of the HETGS. Overlapping

XMM data from T2 (Figure 2b) confirm the existence of a feature at 6.2 keV and show other

features between 6.8 - 6.9 keV in th_ XMM data (Figures 2b, c).

Table 1 details line fluxes ol)t_il_('_l hom the HETGS an(t two subsets of XMM data,

revealing variability in the lines at 5.(i _1_(t 6.2 keV at > 99% confidence. The "difference

spectrum" (Figure 2d) i.e., the sp(-_(ulm, trom T2 minus that from T1, further highlights

the variable components, confirming (:l_/l_t4es inthe line profile at > 99% confidence. The

apparent variability of the 5.6 keV lira' m_.y be due to a shift of the line peak from 5.4 to 5.6

keV (the HETG data is weighted to a lat_er time). Binning the line coarsely illustrates that

Chandra (Figure 2e) and XMM (Figm(, 2f) data both show a broad component of the same

extent, with an equivalent width _-, 80()(,\ (when modelled as a broad Gaussian component).

Figure 2f shows the broad comp(u_'tlt ()i t.he line mailltains a _(:()nstant equivalent width,

while that of the narrow line chaitg,,s fr(,tH 216 eV (T1) to 172 (,V (T2) as the continuum

changes flux.

4. Discussion

We now consider the origin of th(_' newly discovered features. While the line at 6.2 keV

matches the energy of th(_ first peak ()1 _ Compton shoulder, tlw ()bserved line is too sharp

and strong to be attribut(_(l to this. It Ii_._ been proposed (Skit)() [997) that the destruction

(spallation) of Fe into Cr and or, he,L- [()w(_l_ Z metals oI_ the suiface of the accretion disk

enhances the line emission expect(_(l tl,)m (_l_ments of low abundance. In this way lines at

,-, 5.6 and 6.2 keV fiom CrXXllI ail([ ._IH.\XIV could be enhanced to a detectable level. The

observed Cr to Mn ratio, how(_vcr: is il,,()xlsistent with the spallation model (Skibo 1997),

which considers a wide rar_ge of physi(:_l (:onditions. The lines are most likely due to Fe,

shifted by relativistic effects.

Absorption from an infalling bl()t)()[ ,.,_s was previously suggested to explain the complex

and variable profile observed with .,I,S'(:'.4 (N_mdra et al. 1999). However our data cannot

be explained that way unless tlw li_, ui_lth is also highly variable, which seems unlikely.

If the emission line at 5.6 keV is lt(_H_ i,ttalling neutral gas, ttw implied velocity must be

> 40,000 km s -_. However, infalling t_;_s would have to be ionized such that resonance line

and bound-free opacity were small e_()_:¢h that the gravitational attraction of the disk/black

hole system could overcome radiati()_ In('ssure (Proga, Stone, _:: Kallman 2000) (thus flow
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velocities would be even higher). However, the alq_tcqlt, shifts in the line energy (5.4 - 5.6

keV) with time are more indicative of decelerati(n, ¢)1_uL outflowing blob.

Recently, Chandra observations of the Ga, lact i( ._:-iav binary SS 433 revealed relativis-

tically red- and blue-shifted lines from Fexxvz Lv-,_: (li.!.,(i6 keV) and Fexxv ls2p-ls _ (6.685

keV), with an outflow velocity of_ 0.27c (Marsh, ll ,,_. _l. 2002). The narrow lines at 5.6 eV

and 6.2 keV observed in NGC 3516 cannot be exl)l_mwd 1)y H- and He-like Fe emission from

a single flow. However, if the lines are NixxvH 1;;21>1s-' (7.789 keV) and Fexxvl Lya, the

redshifts are consistent with a single velocity, _-- ()._5_. (assuming a disk inclination of 38 °

Wu & Han 2001). In fact, Marshall et al. (2002) _,l,,)__ the detection of relativistically red-

shifted NixxvII in SS 433. \Vang et al. (2000) i)r(_,[i<t that blobs ()f gas originating from disk

instabilities will be initially he fully ionized, 1)ut wilt sl_(>w line emission via recombination

sometime after ejection (_ &tys, a_ssuming T _-. lt}_i,:, al_L([nc "-_ 10 m cm-a). Hence it is pos-

sible that these emission lines _tre recombinatioll lim,s ()f He-like Ni and H-like Fe, although

the observed flux ratio would require enhancemenl ()1 Ni due to anomalous abundances or a

peculiar ionization balance in the recombining gas. Since there are no blue-shifted features

(at 9.19 keV and 8.21 keV) the "jet" must be on[,-side(l, perhaps an example of the MHD

driven jets suggested by Chagelishvili, Bodo &: Truss(mi (1996). As we see the red side, our

line-of-sight to the jet, presumably through the i_m(w legions of the accretion disk, cannot

be blocked by a Compton-thick layer.

It has been debated (Misra & Sutaria 19{)!_: I-';_})ian et al. 1995; Reynolds L: Wilms

2000; Ruszkowsl(i et al. 2002) whet]wr t,h_'rmal ,l,,J_l_l:_mizal, ion of a narrow Fe Kc_ line

could explain the broad components in AGN. T]_,, i,J_,scn(:e of sharp line features means no

Comptonizing medium exists between us an(l the tll_(:l(,;tr environs. Thus the broad line in

NGC a516, and probably other AGN, must be t)r()du(:e(l by general relativistic effects. The

alternative suggestion, that the broad feature ix :_n a.l_sorbed continuum component, does

not allow us to avoid invoking relativistic effects 1,, cxl)lain the sharp features.

The constraints on the velocity widths of t l_(' _ew features indicate they originate in

material with an organize(l kinematic structure s,_(t, z_s llte accretion disk, arising from very

narrow annuli or hotspot.s (,qemerak, I{_tras & i:(,lit:v i!)99; Na.vakshin & Kazanas 2001).

Reverberation of flares a(:t(iss the disk predicts ,_H()w l(,a,tures (Young & Reynolds 2000)

but they should only exist tor a few hundred secon(ls. If _.he gas is ionized, the intrinsic Fe Ka

line could be emitted at 7 ke\: requiring extreme r_'b_I_ivistic shifts in the maximally-rotating

Kerr metric (Laor 1991), vimved at low inclinations I(_ match observed features. The central

regions of NGC 3516 are indicated to/)e inclined _I :]8" (Wu & Han 2001). Thus the lines

would be produced between 3 - 5 gravitational r_,lii (/?_,) where relativistic effects predict

lines significantly broader and less "peaky" tba_ (>l,served, assmning we see a full orbit of
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the material round the black hole. ()rbir, at timescales (torb _ (r/9Rg)3/2M8) are 1 - 2.3 hours

for 3 - 5 Rg (around black hole mass :_l _ 2.3 x 107M_._ estimated for NGC 3516; Di Nella

et al. 1995). Our spectra sample several re'bits of material this close to the black hole. Thus

line widths allow us to rule out an origin in an ionized disk around a spinning black hole.

Alternatively, the features arise in cool gas, where the required energy shifts are smaller

than in the previous picture. The p(_l.k at 5.6 keV could be the red horn of a line from

_,, 35 Rg (a weak peak close to 6.9 kcV may be the blue horn associated with this). The

6.2 and 6.5 keV peaks could then I_e _ll(-,.horns of a line from _ 175 Rg (Figure 4). At

these radii the feature widths match lnedictions for narrow illuminated annuli or orbiting

blobs of gas (175 Rg may be outside tit,-, disk structure). Emission from a very restricted

area on the disk was previously suggesl_-',cl I)y Iwasawa et al. (1999) based on a flare state for

MCG-6-30-15. Thus the phenonenon ol ,s,,_ved here is probably generally applicable to AGN.

The lack of strong features blueward _)f (1.4 keV is a problem tot all the models discussed

here. Occultation models (as suggestx_l I(_r MCG-6-30-15; McKernan & Yaqoob 1998) may

be applicable, where different regions (_l ,he disk become visible at different times.

In summary, new data show spe,:_l;_l features most likely explained as Fe Ka lines,

modified by relativistic effects. An ira:lease in the hard X-ray continuum flux is correlated

with the detection of these lines, l-leai_ms of magnetic reconnection would illuminate very

small areas of the accretion flow and lnav provide the source of enhanced continuum emission.

Reconsideration of the ASCA data in light of the new Chandro, results indicates that the

phenomenon driving the variations in line profile has been going on for at least several years

and over a range of nuclear luminosity.
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Table 1. HETG Narrow Coulponents of Fe Ka

Energy (keV) FlUXTI-XMM Fluxt'2-XMM FluXRETG

5.57 ± 0.02

6.22 :t: 0.04

6.41 ± 0.01

6.53 + 0.04

6.84 - 6.97

0.()0(< 0.53)

6.26(5.07- 7.94)

36.5(34.8 - 38.5)

8.19(6.94- 10.2)

5.12(2.75- 5.99)

0.1_(l(< 2.89)

9.9I)(5.!)2 - 13.3)

33.5(28.7- 37.7)

8.!)8(4,(i7 - 12.6)

5.78(0.97 - 8.18)

7.37(5.90- 8.60)

11.1(9.45 - 13.0)

31.7(26.9- 34.1)

7.43(5.47 - 9.95)

.. o

aErrors are X 2 +2.71 with line energies lix_'_[ and assumed narrow (except

for that at 6.4 keV where the fitted width was fixed). Line fluxes in units

x 10 -6 photons cn_ -*e s -t. \/_ tabulate fluxes tin lines appearing at 6.84 +

0.01 (T1) and 6.97:k0.06 keV (T2) in XM,,II (lala. A simple broad Gaussian

component was included in the fit to parameterize the broad line.
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Fig. 1.--- The upper panel shows light c:llrves from XMM (2-6 keV, green squares); Chandra

(2-6 keV, magenta circles) and RXT"£ (3-30 keV, red triangles). The time is shown in

seconds relative to the start of the' X/I'[3/observation at 2001 November 09 UT 23:12:51.

The Cha, ndra data have been scale(l HI> l_v _ factoi 4, the RXT£ data have been scaled down

by a factor 12.5, for clarity of disl)l;kv. *l't_, lower panel shows the hardness ratio, 2-4/0.3-2

keV, based on the XMM PN dat_ ,_L_! (,'/,,a.'rzd'r(i,ACIS data. The, series are in 4500 s time

bins and the Chandra ratio has 1)e(_l_s_-:lb,<l down by a taetor (_t 4, for display.
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state with HETG (a) and XMM (b). HETG (lat, are the sum of the positive and negative

1st order grating spectra l_lus MEG data up to 0.5 k_A" Also XMM data from the low-state

(c) and the difference speclt_m_ (the high-state mi,_a._ I:1_' rm_ormalized low-state spectra for

PN, MOS1 and MOS2) u_m_lmred to a l_OWer-hl\v lil (_1: XMM _lat.a alone), e) shows the

coarsely-I)inned HETG data; (t) the XMM data (1"2 - 1,1tie squares. T1 - green crosses); we

combine data from PN, _,\[()S1 and MOS2, which _gl_,(, when viewed individually.
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